SYNOPSIS Utilizing hyaline membranes and proliferative pneumonitis as evidence of pulmonary oxygen toxicity, the lung changes in 21 patients (19 injured, twoinhaled smoke) who died after oxygen therapy are correlated with the intensity and duration of oxygen administration. Diffuse pneumonitis inducing hypoxaemia was found in 10 (or 11) subjects, and in nine of them it was associated with the breathing of high concentrations of oxygen (60 to 100%) for at least two days. In at least eight subjects the pneumonitis contributed to death, and two others who survived for weeks had extensively fibrosed lungs. The breathing of 40 % oxygen for a sufficient time seems to be a threshold for dangerous lung effects, since one patient developed a diffuse pneumonitis and another a partlydiffuse partly-focal pneumonitis while exposed to this concentration. Those respiring oxygen concentrations between 25 and 40 % for days developed either subclinical focal lung lesions or had no relevant lung changes.
Simon Sevitt firmed. Consequently, it seems reasonable to conclude that hyaline membranes, proliferative pneumonitis, or both in patients respired with added oxygen in the Birmingham Accident Hospital are indicative of pulmonary oxygen toxicity.
The Patients and Methods
The lung changes in 21 patients who died after oxygen therapy are correlated with the intensity and duration of oxygen administration (tables I and II), radiological changes, hypoxaemia, and other factors. The patients were admitted to the Major Injuries Unit or the Burns Unit, where observation, investigation, and treatment were carried out.
In 19 patients, the conditions responsible for the respiratory distress necessitating oxygen were the effects of chest injury (9 subjects), head injury (3), fat embolism (2), inhalation of smoke (2), and single cases of combined head and chest injury, head injury and fat embolism, and chest injury and fat embolism. In case 2, the cause of the distress which followed the fractures was obscure, and in case 9 fat embolism is not unlikely.
Initially in two patients, oxygen was administered by a mask or nasal spectacles, but intermittent positive-pressure ventilation was used in 20 of the 21 subjects utilizing either endotracheal intubation or tracheostomy (six patients) after a period of intubation. Either pressure-controlled (East Radcliffe or East Freeman) or flow-volume controlled mechanical ventilators (Cape, Smith-Clarke) were used. Case 11 was treated in an oxygen tent. The concentrations of oxygen in the inspired gas (FIO2) were measured at intervals by an oxygen analyser in six subjects (cases 3, 4, 11, 15, 16, and only 48 mm Hg, and next day she died in cardiac arrest.
Necropsy showed a severe tracheobronchitis with purulent exudate. The lungs (together 1470 g) were indurated, showing firm, partly red, partly grey cut surfaces. Histology showed a major widespread non-infective pneumonitis, acute bronchitis associated with carbon, and a few arterial microthrombi. Hyaline membranes lined some alveolar ducts ( fig 6) and proliferated alveolar epithelium often mixed with collagen-forming fibroblasts were widespread and prominent (fig 7) . The appearances were similar to those observed after very high oxygen concentrations.
Cases 9 and 10 Mechanical ventilation with various air-oxygen mixtures had been continued for weeks, the concentrations ranging from 40 to 100% oxygen at different times. showed widespread fibrosing proliferative pneumonitis, a few hyaline membranes (fig 8) and many alternating areas of emphysema and scarring. Alveolar septa were thickened by fibrosis and many alveoli seemed to be strangled. Recent alveolar epithelial proliferation was also seen.
Case 10, unconscious from a head injury, had been ventilated for about 14 weeks, most of the time with added oxygen. He died with respiratory infection. The lungs also showed widespread chronic fibrous thickening of many alveolar walls with small scars and areas of atelectasis. The appearances were consistent with fibrotic changes resulting from a pneumonitis.
Case 11 An unusual distribution of lesions developed during the administration in a tent of 40% oxygen for eight days. The left lower lobe was consolidated by a diffuse and active proliferative pneumonitis with many hyaline membranes. Elsewhere, however, only scattered foci of pneumonitis and few hyaline membranes were visible. Purulent bronchiolitis and bronchopneumonia were prominent.
FOCAL PNEUMONITIS (TABLE II) This group is characterized by scattered foci of hyaline membranes or proliferative lesions or both, ventilation with oxygen concentrations generally less than in those with diffuse pneumonitis, and death from complications unrelated to oxygen administration.
Only proliferative lesions not explainable by local causes are included, and as a consequence two other cases with focal lesions were excluded from the series. The density of lesions varied somewhat: often only one or two foci were seen per lung section and some sections showed neither hyaline membranes nor areas of proliferation. oxygen for 10 hours before death from a head injury. A few scattered hyaline membranes were found in the lungs which also showed prominent congestion, much alveolar and some interstitial oedema.
Case 13 had clinical fat embolism, and was given 95% oxygen during his last day of life. Hyaline membranes were distributed focally in most but not all parts of the lungs (fig 9) but proliferative changes were not seen. Many fat emboli, a few marrow emboli and a focal necrotizing arteriolitis in a few vessels were also found. Though the hyaline membranes in cases 12 and 13 are believed to represent the effects of oxygen toxicity, it is uncertain whether they represent the beginning of a focal or diffuse pneumonitis since time may be needed for the full picture of the latter to develop.
Cases 14-17
Cases 14 to 17 showed foci with hyaline membranes and with proliferative pneumonitis, the latter consistent with oxygen therapy lasting three and a half to 12 days. The individual lesions, though scattered and relatively small (generally 5 to 10 mm diameter), were histologically similar to those seen in the diffuse condition (figs 10 and 11). Elsewhere the lung tissue was often congested and oedematous; moderate numbers of fat emboli were found in case 15 and numerous emboli in case 16; and small foci or larger areas of bronchopneumonia were present in all cases. Condensed eosinophilic coagulum invaded by epithelial and phagocytic cells within groups of alveoli ( fig 10) were also noted, often in areas containing hyaline membranes or proliferative changes. Case 14 had been respired with 60 to 70% oxygen for three and a half days, but significantly lower oxygen concentrations had been used in cases 15, 16, and 17 
Discussion
The history of oxygen poisoning dates back to Priestley and Lavoisier in the 18th century, and Bert in 1878 showed that exposure to hyperbaric pressures could be fatal. The pulmonary toxic effects were first described by Smith in 1899. Birds, mice, rats, and guinea pigs exposed to 0 7 to 0-8 atmosphere of oxygen died within a few days with extensively congested lungs which showed pneumonic-like changes, whereas exposure to 0-4 atmosphere of oxygen for a week was innocuous. The dangerous respiratory effects in various animals of concentrations above 0-7 atmosphere of oxygen have been confirmed by Binger, Faulkner, and Moore (1927) , Ohlsson (1947) , and others.
The earliest description of pulmonary hyaline membranes in experimental oxygen poisoning seems to be that by Clamann, Becker, Freyseng, and Liebegott (1940) and the diffuse exudative and proliferative changes found in monkeys (Robinson et al, 1967) and man are now well established. However, the development of focal lesions in patients respired with added oxygen is not well recognized. Reference to a focal or a widespread formation of hyaline membranes in patients respired with added oxygen was made by Cederberg and colleagues (1965) . This is confirmed in the present study and extended to include proliferative changes. Cederberg et al were unable to establish a relationship between durationintensity of exposure and the extent of hyaline membranes though they concluded that continuous administration of oxygen, in a concentration of more than 50% or of more than 40% for a prolonged period, involves the risk of pulmonary hyaline membrane formation.
In the present study, a focal distribution of lesions generally correlates with inspired oxygen concentrations less than or duration of exposure shorter than those associated with diffuse changes. Table III summarizes the relationships found in 19 subjects.
Eight of the nine with diffuse lung changes had been breathing concentrations above 60 or 80% for at least two days. On the other hand, three of the six subjects with focal changes and one of the three without relevant lung effects had been respired with oxygen concentrations between 25 11 indicates that the breathing for days of only 40% oxygen may be dangerous. Both these subjects were admitted with an acute tracheobronchitis from the inhalation of smoke, and it may be argued that irritative changes had predisposed their lungs to oxygen toxicity. However, Ohlsson (1947) found that rabbits rendered hypoxaemic by pulmonary blast injury or by diphosgene were more tolerant to high oxygen concentrations (80-90%) than normal animals. The report by Cederberg et al includes two patients who developed widespread hyaline membranes after breathing oxygen concentrations no greater than 40 and 50% respectively for 13 and five days. The overall findings point to an inspired oxygen concentration of the order of 40 % at atmospheric pressure as a threshold of dangerous toxic effects, provided that exposure is sufficiently long. In case 14, bilateral radiological lung opacities had appeared on the third day which indicates that this may be long enough. Present findings are consistent with the apparent lack of ill effects in United States astronauts who are said to breathe pure oxygen at one-third of an atmosphere for prolonged periods, though they suggest that some of them may develop subclinical focal changes terminating in fine lung scars.
